Two alkaloids, (-)-pipermethystine and (-)-epoxypipermethystine, and two lactones, (+)-dihydromethysticin and yangonin, were isolated from the kava plant (Piper methysticum) and crystallographically authenticated.
The kava shrub is widely cultivated in tropical Oceania where its rhizome and roots have been used to prepare a recreational and ceremonial drink that is rich in a unique series of kavalactones [1] . Lipophilic kavalactone-rich extracts from the kava rhizome have become major anxiolytic medicines [2] . However, recently, this lucrative market collapsed due to reports of fulminant hepatic failures involving liver transplants and deaths [3] [4] [5] . While two cases of reversible hepatotoxic symptoms have also been reported with the use of the drink [6] , life-threatening hepatotoxicity is unknown with traditional use [7] . The causal agents and the molecular mode of kavaassociated hepatotoxicity in humans remain elusive. Kavalactones may contribute, for instance, by being metabolized to quinonic [8] and other reactive metabolites [9] , potentially depleting glutathione from cellular stores [10] , inhibiting P-glycoprotein [11] and/or altering cytochrome P450 isoenzyme function [11] [12] [13] . We proposed earlier [14, 15] that the occasional use of stem peelings and other aerial parts for standardized extracts [16] might explain the discrepancy in toxicity reporting between traditional vs. modern use. For example, the alkaloid pipermethystine (PM) is at high levels in the outer stem tissues [14] and leaves [14, 17] , but virtually missing in belowground parts [18] . Other alkaloids may occur along with it depending on cultivar and plant part [14, 19] . PM is more toxic to cultured human hepatoma cells, HepG2, than kavalactones [15] . Its toxicity in this system apparently depends on the 3,4-double bond and phenylpropanoid rest, but not on O-acetylation [19] . In rats, however, no substantial liver toxicity was induced by PM with or without co-administered rhizome extract [20] . Here, we were interested in structure characterization as a basis for investigating structure-activity relationships. The structural data of only four of about 20 known α-pyrone kavalactones, methysticin (M) [21] , kavain (K) [22] , dihydrokavain (DK) [23] and desmethoxyyangonin (DMY, also referred to as dehydrokavain) [24] have been reported in the 1970s, but remained elusive due to the unclear absolute configurations and high residuals (≥ 7%). The structural details of the unique PM skeleton are not yet known. To provide a benchmark for future structural characterization of novel compounds with kavalactone and kava alkaloid structure, we report on the first structural characterization of four genuine kava compounds: alkaloids (-)-PM and (-)-epoxy-PM (EPM), C7-C8-saturated chiral lactone (+)dihydromethysticin (DM) and C7-C8-unsaturated achiral lactone, yangonin (Y) (Chart 1).
Large crystal blocks of PM, EPM, DM and Y, isolated from leaves, stems and roots of the kava plant, were obtained by different methods and analyzed by single crystal X-ray diffraction ( Figure  1 ) [25] . The molecular structures of the compounds conform to the respective single molecular models calculated at the B3LYP/6-31G(d,p) level [26] . The enantiomerically pure, genuine PM, EPM and DM crystallize in the chiral space groups P2 1 2 1 2 1 , P2 1 and P2 1 , respectively. In absence of heavy scatterers, the absolute S-(-)-configurations of the single crystallographically unique molecules of PM and EPM, both occurring exclusively as (-)-isomers, were assigned on the basis of the optical rotation data of enantiomerically pure synthetic PM samples [27] . Although the molecules of PM and EPM are flexible, in the crystal they are confined to the same, energetically stable molecular conformation ( Figure 2 ). The only difference is slight distortion of the half-envelope conformation of the lactam ring in EPM relative to PM, caused by change of the carbon hybridization and stretching of the C2-C3 bond of the epoxy bridge in the axial position from 1.314(3) to 1.448(4) Å. The ring epoxidation of PM results in overall bending of the molecule of about 0.4 Å (calculated on the para-phenyl and acetyl methyl carbon positions), which might have some implications on the different physiological activity of the two alkaloids [19] .
S-(+)-absolute structure of DM was deduced from its CD spectroscopic properties [28] . The asymmetric unit of DM consists of three independent C 15 H 16 O 5 molecules (Figure 1 ; molecule 1 without label, molecule 2 with an a label and molecule 3 with a b label) [29] . The three molecules are related to each other by non-crystallographic translation and the Crystallographic analysis of constituents from Piper methysticum Natural Product Communications Vol. 3 (8) 2008 1335 molecule 2 is partly disordered over two sites. A ratio of 1:1 was assumed for the disordered components. The molecules are assembled with a network of C-H···O hydrogen bonds involving the methoxy and dioxymethylenestyryl oxygens into 2D layers, which are parallel to the ac plane and offset at b/2 and a/2. C-H···O hydrogen bonds involving the lactone carbonyl group hold the layers apart. In the molecule of Y, the central double bond results in molecular planarity, with a dihedral angle of 5.1(1) o between the two halves.
Experimental
Y and DM were isolated from Piper methysticum cv. Isa. The roots were removed from the rhizome portions, dried (60°C), and milled (2 mm). The particles (0.5 kg) were extracted by shaking in 1.25 L of acetone/water (80:20 v/v) for 8 h, vacuum filtered using a Büchner funnel, and rinsed with fresh solvent (0.75 L). After removal of the solvent under reduced pressure, the water phase was partitioned with EtOAc (500 mL), and the EtOAc layer was washed with water (2 × 200 mL). The extract was dried over Na 2 SO 4 , and the solvent was removed. The yellowish-brown residue was re-dissolved in warm EtOAc (84 mL) from which Y precipitated, first at room temp. then more at -16°C. Y was re-crystallized from hot EtOAc, acetone, and EtOAc. The remaining extract after precipitation of Y was pre-cleaned over 150 g silica gel by gravity elution with EtOAc/n-hexane (1:1 v/v). The first 175 mL eluate was discarded. The following 600 mL was collected and some M allowed to precipitate at -16 o C. The supernatant gave, upon removal of the solvent, a clear, kavalactone-rich yellowish syrup (ca. 50 g, 10% of dry root input). The syrup (35-38 g) was applied onto a column of 300 g silica gel (7 × 17.5 cm) packed with 10% EtOAc/n-hexane and eluted stepwise (gravity, 500-900 mL flow rate) with 20% (0.5 L), 30% (3 L or until most of K is eluted), and 40% (2 L). The order of elution of the major kavalactones (peak fronts) was: DMY, DK, K, Y, DM, and M (monitored by GC/FID, see Figure S1 in the Supporting Information). Some Y and tetrahydroyangonin (THY) partially co-eluted with DM and tended to co-crystallize with DM. To purify DM, the material was re-run isocratically with EtOAc/n-hexane (40:60 v/v) using elevated pressure.
Remaining THY could partially be removed by isocratic elution with EtOAc/n-hexane (28:72 v/v) using elevated pressure. DM was finally recrystallized from EtOAc/n-hexane. PM isolation was based on our earlier reports [20] from the mixed leaves of the Hawaiian kava cultivars Moi and Mahakea by extraction with acetone/water (75:25 v/v), recovery with EtOAc, decolorization (activated charcoal), and repeated isocratic chromatography using silica with EtOAc/n-hexane (20:80 v/v). PM spontaneously crystallized, for the first time, from its yellowish oil state when it was repeatedly pipetted using a Pasteur pipette. The solid was used for seeding an EtOAc/n-hexane solution (1:40 ratio), which was placed at +4°C. The supernatant was quickly removed (note: crystals may re-dissolve at room temperature). EPM was isolated from the stem peelings of the Papuan kava cultivar Isa grown in Hawaii, following our previously published procedure [14] . EPM readily crystallized from n-hexane at room temp. by evaporation, using a gentle stream of nitrogen.
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